A group of novel nanostructured composites fabricated by different casting methods is presented. Nb, Ta and Mo are added into Ti-base bulk metallic glass (BMG)-forming alloys and Nb is added to the Zr-base BMG-forming alloy to induce the formation of dendrite/ nanostructured matrix composites. These composites exhibit high fracture strength of up to 2400 MPa. Both Nb-bearing Ti-and Zr-base composites exhibit over 14% plastic strain upon room temperature compression. The Ti 60 Cu 14 Ni 12 Sn 4 Nb 10 composite also exhibits over 7% room temperature tensile plastic strain. The high strength of the composites is attributed to the nanostructured matrix. The large plasticity is due to the retardation of excessive localized shear banding in the matrix by the presence of the ductile dendrites. The significant work hardening before fracture is attributed to the deformation behavior of the dendritic solid solution.
Introduction
In the past decade, bulk metallic glass (BMG) and bulk nanostructured metallic composites have been comprehensively investigated regarding their composition, fabrication methods, thermodynamic behavior as well as their mechanical properties. These two kinds of materials are very often mentioned together because of two reasons: (1) they exhibit very similar deformation and fracture behavior; and (2) bulk nanostructured materials can be fabricated from modified multicomponent BMG alloys. Due to their high yield strength, high hardness and unique physical and chemical properties, BMGs and bulk nanostructured materials are considered as very promising advanced engineering structural materials. [1] [2] [3] Among these materials, particularly Zrbase BMGs are widely studied and their mechanical behavior is well understood because they exhibit very good glassforming ability and can be easily cast into large samples. 4, 5) Like conventional amorphous alloys, Zr-base BMGs present brittle room temperature deformation behavior under loading. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] This shortcoming is due to the formation of highly localized shear bands during deformation. Further deformation leads to softening in the localized shear bands. Such inhomogeneous deformation behavior yields that the final fracture occurs along the planes of those softened shear bands leading to catastrophic failure of the material with little overall plastic deformation in an apparently brittle manner.
These deformation and fracture properties are very similar to that of nanostructured metallic materials. 3, 17, 18) Generally, nanostructured materials are often extremely hard and brittle. Almost no ductility appears in tension for grain sizes smaller than about 25 nm.
3) The low ductility in tension is presumably attributable to the mechanical instability due to lack of strain hardening.
For BMGs, three methods to prevent inhomogeneous deformation have been introduced so far, which are particle reinforcement (adding particles into the alloy during processing 19, 20) and in situ formed particles 21) ), fiber reinforcement (continuous fibers [22] [23] [24] and random short fibers 25) ) and in situ formed ductile phase precipitates. [26] [27] [28] The latter method can significantly enhance the room temperature ductility of BMGs by introducing the ductile phase, which usually has a -Ti-type cubic structure and dendritic morphology. Recently, this method was also used to enhance the ductility of bulk nanostructured materials in our group. 29) The in situ formed ductile dendrites dispersed in a nanostructured matrix can act as obstacles restricting the excessive deformation of the matrix by isolating the highly localized shear bands in small and discrete inter-dendritic regions. 29) The dendrites can also contribute to the plasticity by dislocation initiation and propagation. The successful fabrication of the dendrite-containing Ti-Cu-Ni-Sn-Ta(Nb) nanostructured composites is encouraging to further explore the universal aspects of such nanostructured composites in multicomponent alloy systems. In this paper, the design of new nanostructured composites, the fabrication methods and some results on microstructure and mechanical behavior will be presented.
Experimental Procedure

Design of nanostructured composites
We have worked on both Zr-base and Ti-base multicomponent alloy systems because Zr-base alloys exhibit a very high glass-forming ability and nanostructures are easy to achieve; Ti-base alloys are very attractive for light-weight applications. The alloys were designed by modification of well known BMG compositions. In many cases, Zr-base BMGs with addition of elements, e.g., V, Cr, Mo, Fe and Co, tend to form intermetallic compounds due to the decrease in glass-forming ability. 30) Ti-base BMGs have the same problem. In fact, the potential elements for forming a dendritic bcc-phase must have a tendency to form a solid solution with Zr or Ti and must possess a high melting temperature, in order to induce the formation of primary dendritic crystals at high temperatures. Possible candidates 31) They can infinitely be dissolved into Zr or Ti to form a bcc--type solid solution in the range of 1500-2200 K. BMGs usually have lower melting temperatures (about 900-1400 K). A proper composition combined with optimized processing can form a primary -phase upon cooling from the melt, and the remaining liquid then transforms into a nanostructure at relative low temperatures due to its highly dense random packed structure. 32) As a result, the primarily solidified -phase exhibits a dendritic morphology, and is homogeneously distributed in the matrix. The proper composition range for forming a dendritic -phase embedded in a nanostructured matrix is narrow because the alloys have more than five constituents between which intermetallics can easily form, which counteracts the reinforcement by the dendritic -phase and deteriorates the ductility of the composites. Thus, suppression of intermetallic compounds is very important.
Fabrication methods
The samples were prepared in several steps. First, pure Zr or Ti and the refractory metal were arc-melted to produce an intermediate supersaturated binary alloy. The master alloys were prepared by arc-melting the intermediate alloy together with the mixtures of the other metals. Then cast cylinders with 50-75 mm in length and various diameters (2-5 mm) were prepared by suction casting, centrifugal casting and melting injection casting into copper molds, respectively. Alternatively, levitation melting with a cold-crucible casting device was used to cast samples with a length of 100 mm and a diameter of 10 mm. The oxygen content of the as-cast cylinders prepared by the different methods was chemically analyzed to be less than 200 ppm.
Microstructure characterization and mechanical
tests The microstructures and the phases of the as-cast samples were characterized by using a JEOL-JSM6400 scanning electron microscope (SEM) with an electron microprobe analysis unit and a JEOL-2000FX electron transmission microscope (TEM) operated at 200 kV accelerating voltage coupled with energy-dispersive X-ray analysis (EDX), as well as by using a Siemens D 5000 X-ray diffraction (XRD) facility with CuK radiation. The deformation behavior and the mechanical properties were investigated by using an Instron 8562 testing machine at a strain rate of 1 Â 10 À4 s
À1
at room temperature. The test samples were prepared according to ASTM standards. The deformation and fracture observations were carried out by SEM.
Results
As-cast microstructure of different alloy systems
For different alloy systems, the composite microstructures are quite different in their morphologies, sizes and homogeneity. Mo can improve the formation of the dendritic -phase and can refine the microstructure leading to very high fracture strength. Figure 1( Figure 1 (c) shows its equiaxed dendritic morphology. The appropriate size and volume fraction of the dendritic phase significantly improves the ductility of bulk nanostructured materials. 29) For Zr 66:4 Cu 10:5 Ni 8:7 Al 8 Nb 6:4 , suction casting was used for the preparation of the cast cylinders. Finer flower-like dendrites ( Fig. 1(d) ) dispersed a nanocrystalline matrix grain sizes in the range of 50 to 150 nm have been obtained compared to those previously found for injection cast samples. 34) With increasing Zr and Nb contents, a mixture of coarse and fine dendrites dispersed in a matrix with grain sizes of about 200 to 400 nm is formed in the Zr 73:5 Cu 7 Ni 1 Al 9:5 Nb 9 alloy. The volume fraction of the dendritic phase is more than 70 vol%, as shown in Fig. 1 (e). Using levitation melting and coldcrucible casting, a coarser dendritic morphology is obtained in a 10 mm diameter cylinder ( Fig. 1(f) ). The volume fraction of the dendritic phase is more than 90 vol% evaluated from the micrograph. Compared to the suction cast 5 mm diameter cylinders, the cooling rate during solidification is much lower for the 10 mm diameter cylinders. The lower cooling rate promotes coarsening of the dendrites and leads to a larger volume fraction of the dendritic phase. This, in turn, affects the mechanical behavior of the material. 1 111] zone axis of one of the dendrites, which further confirms that the dendritic phase is bcc--Ti(Nb,Sn). The more detailed microstructure of the matrix is shown in Fig.  2(b) , from which a very finely layered microstructure (about 10-50 nm) can be distinguished. Some moiré fringe structures are often displayed in this kind of nanostructured composites. 29) A selected-area diffraction pattern (inset in Fig. 2(b) Figure 3 shows a bright-field TEM image of an as-cast Zr 73:5 Cu 7 Ni 1 Al 9:5 Nb 9 10 mm diameter cylinder. The selected-area diffraction analysis confirms that the dendritic phase is bcc--Zr(Nb) (the inset in Fig. 3(a) shows a SAD pattern taken from the dendritic phase). EDX analysis reveals an average dendrite composition close to Zr 80 Cu 3:5 Ni 0:5 Al 7 Nb 9 . Figure 3 (b) shows a detail of the matrix and a selected-area diffraction pattern (inset in Fig. 3(b) ) taken from the matrix corroborating the nanostructure. The average composition of the matrix is determined by EDX analysis to be Zr 64:5 Cu 20 Ni 3:5 Al 10 Nb 2 . 
Casting defects
For the present multicomponent alloy systems, almost all alloys exhibit very large temperature intervals between the liquidus and solidus temperatures. The primary dendrites solidify at high temperatures, e.g. at around 1500-2000 K for -Ti(M) or -Zr(M) solid solutions (M = refractory metal). The remaining liquid then solidifies at around 1000 K. The large liquid shrinkage (including thermal shrinkage and liquid/solid phase transformation shrinkage) often leads to cast-in pores dispersed in the inter-dendritic regions. Figure 4 shows cast-in pores in the inter-dendritic regions observed for as-cast Ti 60 Cu 14 Ni 12 Sn 4 Nb 10 cylinders. Dendrites surrounded by the last solidified liquid emerge from the matrix in Fig. 4 . The pores in the inter-dendritic regions show irregular shape and distribution, which must significantly affect the mechanical properties of the materials. It is noticed that such kind of cast-in pores is very often formed in the refractory metal-bearing nanostructured multicomponent alloys. To eliminate these cast defects, some modified casting methods, e.g., pressure casting, semisolid casting, etc., should be used. Further optimized alloy design and microstructure control are also needed. Table 1 summarizes the mechanical properties of the different alloys. The Mo-bearing alloy A exhibits a high yield strength of 2150 MPa together with a Young's modulus of 106 GPa and over 2% elastic strain. It is a highly elastic material with an elastic energy of about 24 MJ/m 3 .
Mechanical properties
35)
However, the material exhibits low ductility of only 0.5% plastic strain before fracture. The Ta-bearing alloy B exhibits 1852 MPa yield strength and 130 GPa Young's modulus, but also low plastic strain. Both Ti-base alloys A and B are strong but exhibit low ductility. The Nb-bearing alloy C, however, is less strong but displays a very good ductility. It exhibits 1340 MPa yield strength and 14.6% plastic strain accompanied by significant work-hardening. The low Young's modulus of 66 GPa indicates the high elastic capacity of the material. 35) Tensile tests also show a very good ductility of this alloy, i.e., the room temperature tensile plastic strain reaches 7%. 36) The suction cast Zr-base alloy D exhibits 1745 MPa yield strength, 93 GPa Young's modulus and 0.6% plastic strain before fracture. Compared to injection cast specimens of the same alloy with dendrites dispersed in a glassy matrix 28) the present sample with a nanostructured matrix exhibits higher strength and Young's modulus but lower ductility. With high Zr-and Nb-contents, alloy E exhibits lower yield strength and low Young's modulus but larger plastic strain. The as-cast cylinders prepared by suction casting, centrifugal casting and cold-crucible casting, respectively, exhibit different mechanical properties due to different cooling rates during solidification, which affect the size and volume fraction of the dendritic phase. Low cooling rates lead to more and coarser dendrities resulting in lower strength but higher plastic strain. The room temperature compressive stressstrain curves for all as-cast alloys A through E are shown in Fig. 5 .
Deformation and fracture features
Like BMGs, nanostructured metallic materials follow the shear-banding mechanism upon room temperature deformation. 3, 17, 18) For the present nanostructured composites, shear bands can be observed on the deformed samples. Figure 6 shows a typical deformed sample surface of the Ti 66:1 Cu 8 Ni 4:8 Sn 7:2 Nb 13:9 alloy on which shear bands are marked by white arrows. The rough direction of the shear bands makes an angle with the stress axis. Due to the existence of dendrites, almost all the shear bands are serpentine. This indicates that the spread of the shear bands is blocked and localized excessive shear banding can be avoided or retarded by the dendrites. The crack crossing (not along) the shear bands (indicated by black arrows in Fig.  6(b) ) again reveals that excessive shear banding (which can induce cracks along the shear bands) is hindered by the dendrites.
Although large plastic strain occurs before fracture, the samples of the present nanostructured composites exhibit a shear fracture 16, 37) and produce an almost smooth fracture surface. Observation of the details of the fracture surface shows some different features for these composite materials. For the strong Ti-base alloy A, both network-like and cleavage-like fracture surfaces can be observed (Fig. 7(a) ). The network-like surface is related to the dendrite-induced ductile fracture. The cleavage-like surface is related to brittle fracture, which is induced by the nanocrystalline matrix. For the Ta-bearing alloy B, the elongated dendrites induce a stick-like fracture surface (Fig. 7(b) ). The dendrite-related 'sticks' are expected to contribute to the ductility of the material. On the other hand, a lot of cast-in pores can be found in the inter-dendritic regions, which may be responsible for the observed low ductility of this alloy. For alloy C, a homogeneous network-like fracture surface can be observed, as shown in Fig. 7(c) . The enlarged detail of the fracture surface (inset in Fig. 7(c) ) shows obvious viscous flow, which is very similar to what is known for BMGs. The difference is that the viscous flow is restricted to the interdendritic region for the present nanostructured composite. This can avoid excessive localized deformation and retard the failure of the material. The dendrites not only restrict the excessive localized flow, but also contribute to the deformation by dislocation slip. The significant work-hardening found for this alloy is expected to stem from the dendriticTi(Nb,Sn) solid solution. For the cold-crucible cast 10 mm diameter samples, a very similar deformation mechanism is observed. The fracture surface shows a rough but viscous feature ( Fig. 7(d) ). The large plasticity arises from the large volume fraction (over 90 vol%) of ductile dendrites.
Discussion
Formation of nanostructured composites
The dendrite/nanostructured matrix composites can only form under the conditions of appropriate constituent configuration of the alloy and well-controlled solidification. The appropriate constituents are arranged to achieve the formation of the dendritic bcc--phase and, on the other hand, to maintain the composition of the residual liquid close to eutectic and having a highly dense random packed liquid structure 32) so as to achieve a nanocrystalline transformation upon continuous cooling. Besides, the composition arrangement is also required to avoid or restrict the formation of intermetallic compounds to a very small volume fraction. Otherwise, the intermetallic phases induce an intrinsic brittleness of the composites that can completely counteract the ductile dendritic phase reinforcement. Beyond the composition adjustment, increasing cooling rate can also avoid the formation of intermetallic compounds. In our study, it has been found that Nb and Ta are very efficient to form nanostructured composites. They can form an appropriate size, morphology and homogeneous distribution of ductile dendrites in a nanostructured matrix for both Ti-and Zr-base multicomponent alloys. However, Ta was found to be very difficult to mix with the other constituents and very often induces cast-in pores in the inter-dendritic regions due to its high melting temperature. 37) Mo can easily induce the precipitation of intermetallic compounds and the formation of cast-in pores in Ti-base composites. 33) Nb can also induce the precipitation of intermetallic phases in Zr-base composites, which can be avoided by increasing the cooling rate. This may lead to the formation of a dendrite/glassy matrix composite. 28) The cast-in pores in the inter-dendritic region are very often found in the present nanostructured composites because of their very large solidification temperature intervals. This drawback can be overcome by improving the casting procedure or by using advanced casting methods such as pressure casting, semisolid casting, directional solidification, etc. Since the tensile strength of the materials is very sensitive to the presence of cast-in pores, avoiding such casting defects is expected to improve the mechanical properties of these composites. Our recent experiments reveal that pore-free Ti 60 Cu 14 Ni 12 Sn 4 Nb 10 composite specimens exhibit over 7% plastic strain during tensile testing. 36) 
Dendrite reinforcement mechanism
The nanostructured composites are usually composed of a ductile dendritic phase, a nanostructured matrix, and a few other crystalline phases, such as intermetallics. Any large size (e.g. 0.1-10 mm) brittle phase in the microstructure is harmful for the ductility of the material. The larger the volume fraction of such brittle phases, the more brittle the material becomes. Thus, for the nanostructured composites, brittle phases should be controlled to a small volume fraction. It is well known that nanostructured metallic materials are very hard but brittle.
3) Therefore, the nanostructured matrix in the composites contributes to the high strength of the material. The bcc solid solution phase dendrites are 'soft' because there are several slip systems that can be easily actuated under stress. When the stress reaches the yield strength of the nanostructured matrix, deformation firstly takes place in the matrix by shear banding. The shear bands spreading in the matrix must interact with the micrometersize dendrites. Thus, the propagation of shear bands must follow one of the three possible mechanisms, i.e., (1) shear (2) shear bands move around the dendrites; and (3) shear bands go through the dendrites and transfer the shear deformation into the dendrites. Any of these three process will retard the further propagation of the shear bands, which contributes to reducing the localized excessive shear banding and is beneficial for achieving homogeneous deformation. Both the 'move around' and 'go through' mechanisms are expected at the beginning of yielding. The 'go through' mechanism is dominant at a late stage of yielding since significant work hardening occurs. The deformation behavior of the dendrites affects and contributes to the deformation behavior of the composites at the yielding stage. Based on the observations of the fracture surfaces, it is evidently shown that the matrix exhibits viscous flow before fracture. The viscous flow is related to the localized shear banding. However, this viscous flow behavior is confined to small regions (e.g. interdendritic regions). Thus, it can not induce catastrophic failure of the material. If there are large size brittle crystals or cast-in pores in the microstructure, they will wreck the connection between dendrites and nanostructured matrix leading to brittleness. It is expected that if we can the desired completely dual-phase microstructure (dendrite and nanostructured matrix) without any other crystalline phase and without casting defects, high strength and toughness can be for achieved.
Conclusions
The combination of refractory metals and BMG-forming alloys can yield micrometer-sized ductile dendrite/nanostructured matrix composites by using appropriate composition control and preparation procedures. By adding Nb, Ta and Mo into Ti-base BMGs and Nb and Ta into Zr-base BMGs, dendrite/nanostructured composites have been successfully fabricated. Among them, Nb is most promising for forming defect-free composite microstructures without harmful brittle phases in order to achieve very strong and very ductile nanostructured composites.
The dendrite/nanostructure composites form upon solidification during which the dendritic phase primarily solidifies and the residual liquid transforms into a nanostructured matrix. The composition of the remaining liquid and the cooling rate influence the solidification process of the matrix. An appropriate composition and a high cooling rate can avoid the precipitation of intermetallic compounds. Due to the large solidification temperature intervals, cast-in pores are often formed in the inter-dendritic region, which can degrade the strength and the ductility of composites. These defects can be avoided by using advanced casting methods and wellcontrolled casting procedures.
The deformation of the dendrite/nanostructure composites follows a shear banding mechanism. However, the shear bands are restricted to small regions. This can prevent excessive localized shear banding and avoids the catastrophic failure of the composites. The dendrites retard the shear banding by 'moving around' and 'go through' mechanisms, and contribute to the plastic deformation and the significant work hardening of the materials. The nanostructured matrix contributes to the high strength.
